P
osterior vertebral column resection, defined as resection of the dorsal elements and at least 1 complete vertebral body with the caudal and cranial intervertebral discs, has become a powerful technique for the correction of complex spinal deformities [1] [2] [3] [4] [5] [6] . Vertebrectomy was introduced by MacLennan in 1922 as an apical resection with posterior-only approach for severe scoliosis 7 . Over the next 68 years, several authors reported the clinical utility of vertebrectomy, largely for the correction of congenital fixed kyphoscoliosis, severe rigid scoliosis, and fixed lumbosacral deformity [8] [9] [10] [11] [12] [13] [14] [15] [16] . In 1997, Bradford and Tribus reported their findings from 24 patients treated with anteroposterior vertebral column resection for rigid coronal decompensation 1 . This was then modified to allow for vertebral column resection performed from an all-posterior approach (posterior vertebral column resection) 6 . Much has been published with regard to the radiographic outcomes and complications of vertebral column resection, including posterior vertebral column resection [3] [4] [5] [17] [18] [19] . However, to our knowledge, few studies have shown health-related quality-of-life outcomes in patients undergoing posterior vertebral column resection and none have reported on a large series with a minimum follow-up of 5 years. A 2016 literature review 20 noted that "clinical outcomes… were not available in nearly all studies." Several large studies have shown health-related quality-of-life outcomes of adult spinal deformity surgical procedures, with some patients undergoing posterior vertebral column resection embedded within the cohorts [21] [22] [23] [24] [25] [26] . In general, patients appreciate healthrelated quality-of-life improvement after the surgical procedure, despite high complication rates. None of these studies reviewed clinical outcomes from solely posterior vertebral column resections.
The purpose of this study was to evaluate the radiographic and clinical outcomes of patients undergoing posterior vertebral column resection by a single surgeon with a minimum follow-up of 5 years. Our hypothesis was that posterior vertebral column resection would offer patients both radiographic correction and clinical improvement, despite the technically challenging nature of the procedure and high complication rates.
Materials and Methods

Patient Selection
A fter institutional review board approval, patients treated with posterior vertebral column resection prior to January 1, 2010, were identified from the surgical registry of an academic medical center and an affiliated Shriners Hospital. All surgical procedures included a Schwab 5 osteotomy (singlelevel posterior vertebral column resection) or Schwab 6 osteotomy (multilevel posterior vertebral column resection), with resection of a complete vertebral body 27 . Both pediatric and adult patients were included in the analysis. Patients with a variety of diagnoses were included, such as severe scoliosis, global kyphosis, angular kyphosis, and kyphosing scoliosis. Patients treated with posterior vertebral column resection for acute infection or primary management of a tumor were excluded. Patients were excluded from data analysis if they lacked baseline demographic, radiographic, and perioperative data. Patients were also excluded if they did not reach the threshold of a 5-year follow-up. Demographic and perioperative data on those lost to follow-up were included for comparison with those not lost to follow-up.
All posterior vertebral column resection procedures were performed by a single surgeon. Each procedure was tailored to the specific needs of the patient, at the discretion of the attending surgeon. All cases utilized intraoperative neurophysiologic monitoring with somatosensory evoked potentials, descending neurogenic evoked potentials, and electromyography when data were available. Intraoperative Stagnara wake-up tests were performed if reliable intraoperative neurophysiologic monitoring data were unavailable. Prior to extubation, all patients underwent a lower-extremity motor examination.
Data Collection
Standardized data collection forms were used to collect demographic, radiographic, perioperative, and health-related quality-of-life data. Demographic variables included age, sex, body mass index (BMI), smoking status, presence of a preexisting neurological deficit, and any history of spine surgical procedures. Posteroanterior and lateral radiographs of the entire spine were obtained at the preoperative, 6-week, 2-year, and 5-year follow-up appointments. Standard coronal and sagittal plane measurements were taken, including the proximal junctional kyphosis angle, measured between the upper instrumented vertebra (UIV) and 2 segments proximal (UIV1 2). Health-related quality-of-life data were collected via the Scoliosis Research Society (SRS)-22/24 questionnaire at the preoperative, 2-year, and 5-year time points. All operative records and clinical notes were reviewed for postoperative complications or reoperations occurring within the study period. Complications were classified as prior to the 6-week follow-up, between the 6-week and 2-year follow-ups, between the 2-year and 5-year follow-ups, or after the 5-year follow-up. All untoward events were deemed complications. All new neurological deficits and complications requiring intervention with an invasive procedure (e.g., revision surgical procedures or thoracentesis) were considered major complications with the exception of iliac screw removal. Intraoperative neurological events were categorized by loss of motor evoked potentials, somatosensory evoked potentials, descending neurogenic evoked potentials, or failed wake-up tests occurring during the posterior vertebral column resection procedure. Postoperative neurological deficits were assessed immediately after the surgical procedure and any recovery was documented in follow-up visits.
Statistical Analysis
Frequency distributions and summary statistics were calculated for all variables. Pediatric and adult cohorts were analyzed independently. Pearson chi-square tests were used to compare demographic and perioperative distributions between the cohort and those lost to follow-up. Independent samples t tests compared continuous data between included and lost-tofollow-up groups. Paired samples t tests compared preoperative and postoperative radiographic parameters. Paired preoperative and postoperative health-related quality-of-life outcomes were analyzed using the Wilcoxon signed-rank test. Significance was defined as p < 0.05. SPSS version 24 software (IBM) was used for all analyses.
Results
O
ne hundred and nine patients underwent posterior vertebral column resection from November 11, 1996, to Radiographs of a 9-year-old boy treated for a rigid kyphosis with myelopathy: preoperative ( Fig. 1-A) and 5-year follow-up ( Fig. 1-B ) anteroposterior radiographs and preoperative ( Fig. 1-C) and 5-year follow-up ( Fig. 1-D Radiographs of a 54-year-old woman treated for a rigid, postlaminectomy kyphosis: preoperative ( Fig. 2-A) and 5-year follow-up ( Fig. 2-B ) anteroposterior radiographs and preoperative ( Fig. 2-C) and 5-year follow-up ( Fig. 2-D 
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January 1, 2010, and 54 (49.5%) were available with a minimum follow-up of 5 years ( Figs. 1 and 2 ). Of the 54 patients, 31 (57.4%) were pediatric patients and 23 (42.6%) were adult patients. Preoperative demographic data for included and excluded patients are summarized in Tables I and II . The mean patient age (and standard deviation) at the time of the surgical procedure was 12.5 ± 3 years (range, 5.8 to 17.1 years) for the pediatric cohort and 39.3 ± 20 years (range, 18.1 to 79.6 years) for the adult cohort. The pediatric cohort had a nearly even sex distribution: 15 patients were female, and 16 patients were male. The adult cohort's sex distribution favored female patients: 16 female patients and 7 male patients. In both cohorts, the majority of patients underwent a revision procedure: 67.7% in the pediatric cohort and 78.3% in the adult cohort. 
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Preoperative halo traction was used in 39% (12 of 31) of pediatric cases and 35% (8 of 23) of adult cases. Of the included adult patients, 8.7% reported nicotine use, compared with 30.8% of excluded adult patients (p = 0.041). Table III presents the operative data for the pediatric and adult cohorts. In both cohorts, the majority of patients underwent a single-stage procedure: 93.5% for the pediatric cohort and 60.9% for the adult cohort. The mean follow-up for both cohorts was similar: 5.5 ± 1 years for the pediatric cohort and 5.4 ± 1 years for the adult cohort. A mean number of 1.7 ± 0.76 vertebrae were resected in the pediatric cohort, compared with 1.1 ± 0.29 vertebrae in the adult cohort.
Complication data are summarized in Table IV Of the 54 patients, 13.0% (7 patients: 4 pediatric and 3 adult) of patients required a revision procedure by 5 years postoperatively. Revisions between the 2-year and 5-year time points were most commonly due to prominent instrumentation (2 involving prominent iliac instrumentation) or infection (2) . Of the patients lacking 5-year follow-up, 13.8% (4 of 29) of pediatric patients and 11.5% (3 of 26) of adult patients sustained postoperative neurological deficits. Thus, the rate of new neurological deficits was 13.3% (8 of 60) in the pediatric cohort and 8.2% (4 of 49) in the adult cohort.
Radiographic results are shown in Table V . In both cohorts, there were improvements in major Cobb angle and coronal Cobb angle magnitudes as well as sagittal vertical axis. In the pediatric cohort, the mean major Cobb angle improved from 71.9°to 27.6°(244.3°) at the time of the latest follow-up, a 61.6% correction. The adult mean major Cobb angle improved from 69.4°to 32.0°at the time of the final follow-up, a 53.9% correction. The corrections were maintained throughout follow-up. Proximal junctional kyphosis, defined as the kyphosis from the UIV to UIV12, remained stable from the 6-week visit to the final follow-up in both cohorts. No patients in the present study underwent a revision for symptomatic proximal junctional kyphosis as a result of posterior vertebral column resection. Proximal junctional kyphosis measurements were similar among patients with and without preoperative halo-gravity traction. In the pediatric cohort, the measurements were 1.5°± 6.2°for patients with preoperative halogravity traction and 6.0°± 14.9°for patients without such 
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traction (p = 0.354); in the adult cohort, the measurements were 8.5°± 6.0°for patients with preoperative halo-gravity traction and 9.5°± 12.8°for patients without such traction (p = 0.848).
Table VI summarizes health-related quality-of-life data. For both cohorts, significant improvements in SRS-22/24 scores were observed in the SRS-Self Image and SRSSatisfaction domains at both the 2-year follow-up and a minimum 5-year follow-up. SRS-Self Image and SRSSatisfaction scores showed the greatest absolute improvement at the 5-year follow-up: 0.9 for the pediatric cohort (p = 0.017) and 1.3 for the adult cohort (p = 0.002) with regard to the SRSSelf Image domain and 1.8 for the pediatric cohort (p = 0.008) and 1.3 for the adult cohort (p = 0.005) with regard to the SRSSatisfaction domain. No significant improvements in SRS-Pain or SRS-Function domains were observed in either cohort. Unlike the pediatric cohort, a significant improvement in mental health was appreciated in the adult cohort at 0.3 (p = 0.013). Of the 55 patients lost to follow-up, 54.5% (30 patients total: 12 pediatric patients and 18 adult patients) had baseline health-related quality-of-life data and 41.8% (23 patients total: 11 pediatric patients and 12 adult patients) had available 2-year health-related quality-of-life data. The pediatric patients who were lost to follow-up had significantly lower baseline SRSPain scores at 3.6 ± 1.2 points (p = 0.045) and SRS-Mental Health scores at 3.5 ± 0.92 points (p = 0.033) compared with included patients. No significant difference in baseline or 2-year health-related quality-of-life scores were observed between included and lost-to-follow-up adult patients.
Discussion
P osterior vertebral column resection is a powerful tool used in the treatment of complex spinal deformities 1, [3] [4] [5] [6] [17] [18] [19] [20] . Much has been published with regard to the radiographic outcomes and complications of vertebral column resection, including posterior vertebral column resection [3] [4] [5] [17] [18] [19] [20] . However, few studies have shown long-term patient-reported outcomes following these complex procedures. As the population ages, the rate of surgical procedures to correct spinal deformity will increase 28, 29 . With the risk associated with posterior vertebral column resection, the benefits of these procedures must be defined. The purpose of this study was to evaluate the radiographic and clinical outcomes of patients undergoing posterior vertebral column resection by a single surgeon with a minimum follow-up of 5 years. We hypothesized that posterior vertebral column resection would offer patients both substantial radiographic correction and clinical improvement, despite the technically challenging nature of the procedure.
One hundred and nine patients underwent posterior vertebral column resection by a single surgeon and 54 patients (31 pediatric patients and 23 adult patients) underwent the procedure with a minimum follow-up of 5 years. As expected, significant corrections in major Cobb angles were obtained in both the pediatric cohort (61.6%) and the adult cohort (53.9%). Significant improvement in sagittal plane alignment was also obtained. Proximal junction kyphosis was not uncommon, with 16.1% of pediatric patients and 34.8% of adult patients sustaining proximal junctional kyphosis, developing proximal junctional kyphosis angles of at least 10°. No patients underwent a revision procedure for symptomatic proximal junctional kyphosis. Significant improvement in SRS-Self Image (pediatric: 0.9, p = 0.017; adult: 1.3; p = 0.002) and SRSSatisfaction (pediatric: 1.8, p = 0.008, adult: 1.3; p = 0.005) were observed. No significant improvements were found in SRS-Function or SRS-Pain in either cohort at 5 years postoperatively.
To our knowledge, little data exist in the literature with regard to patient-reported outcomes for posterior vertebral column resection. However, existing data suggest that patients appreciate clinical improvement postoperatively 19, 30, 31 . Lenke et al. noted significant improvements in the SRS-30 Self Image, Function, Mental Health, and Satisfaction domains at a 1-year follow-up of pediatric posterior vertebral column resection 30 . Papadopoulos et al. reviewed short-term data from 45 patients who underwent posterior vertebral column resection 31 . They reported significant improvement in total SRS-22 scores and SRS-Self Image scores at a mean time of 27 months postoperatively. Similar to our findings, there were no changes in either SRS-Pain or SRS-Function domains. Wang et al. reported significant improvement across all SRS-24 domains at 2-year follow-up for patients undergoing a modified posterior vertebral column resection technique including transpedicular eggshell osteotomies 19 . We observed significant increases in SRS-Self Image and SRS-Satisfaction scores at both the 2-year and 5-year time points. To our knowledge, this is the first study to demonstrate long-term clinical outcome durability following posterior vertebral column resection in both pediatric and adult patients.
That SRS-Self Image and SRS-Satisfaction scores tend to increase following posterior vertebral column resection likely reflects the degree of externally apparent disease associated with these severe deformities and the large amount of correction achieved with this procedure. These large corrections of rigid deformities have been consistent across prior reports 4, 5, 18, 32 . A review of pediatric patients with 10-year radiographic follow-up has shown these corrections to be durable 32 . The extensive fusions required to reconstruct these complex deformities may limit the ability of surgical procedures to improve function. A comparative cohort of nonoperative patients may show that preservation of function is the benefit of the surgical procedure and would not have been otherwise expected.
Posterior vertebral column resection is a technically challenging procedure reserved for the most severe spinal deformities. We found an overall complication rate of 55.6% (48.4% pediatric, 65.2% adult). Intraoperative neurological events (defined by a change in intraoperative neurophysiologic monitoring) occurred in 12.9% (16.1% pediatric and 8.7% adult), and 12.9% of pediatric patients and 4.3% of adult patients sustained new neurological deficits. In a multicenter cohort of 147 pediatric patients undergoing posterior vertebral column resection, Lenke et al. 30 reported a 59% complication rate, as well as a 27% rate of intraoperative neurological events, rates higher than those reported in earlier studies of posterior vertebral column resection with smaller cohorts. This is likely due to the inclusion of intraoperative neurophysiologic monitoring events as well as our definition of excessive blood loss (>2 L). All neurological deficits resolved by 5 years postoperatively for both the pediatric and adult cohorts in those patients with 5-year follow-up. Neurological deficits, including spinal cord injury resulting in complete paraplegia, are the most important and feared complications of the posterior vertebral column resection procedure. Our findings suggest that appropriate attention to intraoperative neurophysiologic monitoring changes and new neurological deficits may render them transient rather than permanent.
This study had several limitations. Although procedures were performed at 2 medical centers, 1 surgeon performed all posterior vertebral column resections. As such, our findings may be specific to the particular technique of the surgeon and not generalizable. We had a large loss-to-follow-up rate (50.5% overall, 48.3% pediatric, and 53.1% adult) at 5 years postoperatively, due in part to the amount of medical tourism associated with the practice. In the pediatric cohort, the demographic and perioperative characteristics of those lost to follow-up largely mirrored the included patients. In the adult cohort, the excluded patients were significantly more likely to be tobacco users. Studies have shown that nicotine may predispose patients to higher complication rates, a higher risk of nonunion, and poorer outcomes 33, 34 . As only 2 included patients had a history of smoking and 5-year health-related quality-of-life data were not available for those lost to followup, we are unable to draw conclusions with regard to this effect. We report a complication rate of 55.6% (48.4% for the pediatric cohort and 65.2% for the adult cohort). Although these rates are supported by previous literature, they likely underestimate the true complication rate due to incomplete data retrieval. We encountered new neurological deficit rates (12.9% for the pediatric cohort and 4.3% for the adult cohort) that were lower than those in previous studies. Retrospective studies likely underestimate new neurological deficit rates, as a result of incomplete medical records and the lack of standardized motor examinations 35 . Because of the breadth of complications encountered, no analysis of health-related quality-of-life change stratified by complication type is possible. Such a comparison would likely require the creation of a composite variable for complications. Any composite variable would then misrepresent the associations between patient data and the likelihood of complications.
Despite the technically challenging nature of the procedure, our results suggest that patients can achieve substantial correction of spinal deformity with posterior vertebral column resection. We observed a major Cobb angle correction of 61.6% in our pediatric cohort and 53.9% in our adult cohort at a minimum follow-up of 5 years. Patients undergoing posterior vertebral column resection achieved significant improvements in SRS-Self Image and SRSSatisfaction scores. Confirmation bias and cognitive dissonance may affect the improvements reported by patients. These are large surgical procedures with frequent complications, and patients may be unable or unwilling to find that the surgical procedure had no effect. We observed a 55.6% complication rate overall. Despite the complications associated with posterior vertebral column resection, patients may appreciate radiographic and clinical improvement that is durable at ‡5 years postoperatively. n
